In this study, we assess changes in the piscivore community of four large, shallow lakes in the Kawartha Lakes region of central Ontario, Canada, over the period from 1980 to 2003 and relate these changes to temporal trends in phosphorus concentration, water clarity, and temperature. Over the 24-year period of data collection, there has been a regional-scale decline in the relative abundance of walleye (Sander vitreus) and an increase in the relative abundance of bass (Micropterus spp.) species. These changes were associated with reductions in phosphorus concentration and increases in water clarity and summer temperature. Results of a comparative field study conducted on 13 regional lakes indicate significant positive associations between concentrations of total phosphorus and chlorophyll a and zooplankton and walleye density. These data suggest that bottom-up effects are limiting walleye abundance either directly or in combination with abiotic conditions that favour bass over walleye.
Introduction
A topic of great interest to community ecologists is the degree to which abiotic and (or) biotic factors dominate or interact as controlling forces in the regulation of aquatic communities (Pinel-Alloul et al. 1995) . There are many factors known to affect the dynamics of warmwater and coolwater fish communities in north temperate lakes, in which walleye (Sander vitreus), smallmouth bass (Micropterus dolomieu) and largemouth bass (Micropterus salmoides) are the dominant piscivores. Nutrient status, light, water clarity, and water temperature are known to be several of the most important abiotic factors (e.g., Downing and Plante 1993; Brazner and Beals 1997; Idrisi et al. 2001 ).
Changes in the concentrations of available nutrients can influence lake productivity and the composition of aquatic communities. Changes in the productivity of an aquatic ecosystem can alter the habitat (because of changes in the abundance of submerged macrophytes or water clarity) and the availability of food resources. These changes can create conditions favourable to one species or another and result in shifts in fish community composition. The relationship between nutrient levels, primary productivity, and fish production in north temperate lakes has been demonstrated by several authors (Persson et al. 1991; Peltonen et al. 1999; Olin et al. 2002) . In a study of 23 fish communities, Downing et al. (1990) found that the production of the entire fish community was highly correlated with phytoplankton pro-duction, mean total phosphorus concentration, and annual average fish standing stock.
Light is known to affect the dynamics of fish communities, because changes in light regimes can create conditions favourable to one species or another. Light is considered to be one of the most important determinants of the seasonal and diurnal behavior of walleye, as well as one of the principle factors determining their natural geographic distribution (Ryder and Kerr 1989; Brazner and Beals 1997) . Walleye are known to be to be dependent on conditions of low light intensity, as light affects the location and timing of their feeding activity (Ryder and Kerr 1989; Lester et al. 2002 Lester et al. , 2004 . Given that walleye are highly adapted to specific light regimes, light intensity can potentially be viewed as an ecological constraint that determines the relative dominance of walleye in the community (Ryder and Kerr 1989) .
Unlike walleye, the habitat use of Micropterus spp. is not restricted by high turbidity; in fact, they are well adapted to feeding in clear water conditions (Ryan et al. 1999; Vanderploeg et al. 2002) . Because largemouth and smallmouth bass frequently occur in waterbodies where walleye are also present, changes in water clarity could create conditions preferred by one species but not others at the same trophic level (Brazner and Beals 1997; Casselman et al. 1999; Lester et al. 2004) . At the synecological level, changes in water clarity could alter fish community structure by shifting the competitive advantage from one species to another, where at any given time the dominant species would be determined by light conditions (Ryder and Kerr 1989) .
Climate change, resulting in a change in water temperature over time, is becoming increasingly recognized as a factor that influences fish and aquatic communities (e.g., Casselman 2002) . There is evidence that increased water temperatures have affected the abundance and distribution of fish (Shuter and Post 1990; Casselman et al. 1999) , as well as available thermal habitat (Magnuson et al. 1988; Lester et al. 2004 ) and fish growth, recruitment, and survival (Casselman 2002; Casselman et al. 2002) . Changes in temperature can influence the relative abundance of species because the effects of temperature on year-class strength, recruitment, growth, and survival affect each species differently depending on their thermal requirements (Shuter and Post 1990; Tonn 1990; Casselman 2002) . In eastern Lake Ontario, it has been predicted that an increase in water temperature of 1°C above the mean would result in an almost 2.5-fold increase in the relative recruitment of smallmouth bass, whereas coolwater species would experience a 2.4-fold decline in relative recruitment (Casselman 2002) . Changes in temperature could also indirectly affect fish communities, for example, by influencing resource partitioning and feeding relations (competition and predation between species) (Tonn 1990) . Elevated water temperatures can also alter the species composition of the fish community because of changes in the abundance and species composition of phytoplankton, zooplankton, and benthic macroinvertebrates (Magnuson et al. 1994) .
In this study, we examine historical changes in the piscivore community of a group of large, shallow lakes in central Ontario that have experienced historical changes in nutrients, water clarity, and water temperature. Our objectives were to characterize changes in the absolute and relative abundance of piscivore species in these lakes and to assess whether any such changes were related to temporal shifts in nutrient concentration, turbidity, and (or) temperature. We hypothesized that any temporal changes in phosphorus concentration would affect the productivity of the piscivore guild and the relative abundance of walleye in these lakes as a result of shifts in the availability of habitat and food resources. We also hypothesized that any temporal changes in turbidity and (or) temperature would affect the relative abundance of walleye and the two species of bass present in these lakes, given the differences in temperature and turbidity preference between these species. To increase our understanding of the factors affecting piscivore community shifts, we also conducted a comparative field study to examine the relationships between phosphorus concentration, indicators of lower trophic level productivity, and population density of the walleye, a piscivore species believed to be experiencing a major decline in the region. We hypothesized that the availability of phosphorus determines the productivity of these systems, and we predicted that the standing stock of succeeding trophic levels, as well as walleye, would increase with phosphorus concentration.
Materials and methods

Study area
The study was conducted in the Kawartha Lakes, a series of connected waterbodies located in central Ontario that are heavily used for cottaging, recreational and tournament fishing, camping, boating, and canoeing ( Fig. 1 ). There has been extensive shoreline development around the lakes and much of the surrounding watershed has been developed for residential purposes or is used for intensive agriculture. Several exotic species, including the zebra mussel (Dreissena polymorpha), bluegill (Lepomis macrochirus), black crappie (Pomoxis nigromaculatus), and Eurasian watermilfoil (Myriophyllum spicatum), have spread into these lakes (Deacon 1992; Mercer et al. 1999) . Historically, these lakes have experienced changes in nutrient levels, water quality, and turbidity, which can be attributed to the introduction of exotic species, changes in land-use patterns, and the result of federally mandated programs implemented in the 1970s to reduce phosphorus loading in lakes by limiting phosphates in detergents and reducing flows and concentrations at sewage treatment plants (Stevens and Neilson 1987) .
Four of the Kawartha Lakes (Buckhorn, Rice, Scugog, and Balsam) have long-term fish community data. These lakes are highly variable with respect to nutrient status, angling effort, and yield of the piscivore guild (Table 1 ). The piscivore guild in all of the Kawartha Lakes consists of walleye, largemouth and smallmouth bass, and muskellunge (Esox masquinongy) (Deacon 1992) . The lakes also contain pumpkinseed (Lepomis gibbosus), bluegill, rock bass (Ambloplites rupestris), black crappie, yellow perch (Perca flavescens), brown bullhead (Ameiurus nebulosus), white sucker (Catostomus commersoni), and several other cyprinid and percid species.
For the aspect of this study related to present-day fish communities, nine lakes in central and eastern Ontario were added to the aforementioned study lakes (Table 1) . Three of these lakes are part of the Kawartha system, and the remain-ing six are located in eastern Ontario, an area with geology, climate, and land use similar to that of the Kawartha Lakes region. All of the study lakes contain walleye and had been subjected to a fish community survey using multimesh gillnets within a 3-year period.
Assessment of historical changes in the piscivore community and factors affecting community shifts
Spring Index Netting (SIN) trapnet surveys conducted by the Ontario Ministry of Natural Resources (OMNR) were used as a source for historical time series data on the abundance of piscivore species in the four Kawartha study lakes. Trapnet surveys had been conducted in these lakes at 2-to 3-year intervals from 1978 to 2003. In years before 2000, four fixed sites were sampled, whereas in subsequent years, two fixed sites were sampled. Sites were fished for nine consecutive nights. SIN surveys were usually conducted in Rice and Balsam lakes in early to mid-May and in Buckhorn and Scugog lakes in early to midJune; however, there were a few years when these surveys were conducted in other time periods. To standardize the data for our analysis, we only included surveys conducted from 1 to 15 May in Rice and Balsam lakes when water temperatures were typically between 10 and 15°C, and 1 to 15 June in Buckhorn and Scugog lakes when water temperatures were typically between 16 and 22°C. In our analysis, catch rate was expressed as the geometric mean number of fish caught in a 24-h set. The annual mean per lake was calculated by averaging site means because each site was not always sampled an equal number of times.
Data collected from the trapnet surveys were used to address the objectives pertaining to historical changes in the piscivore assemblages and piscivore community structure. Pearson correlations were used to assess directional change in catch rates over time. Analyses were conducted for the overall piscivore guild in each lake, as well as individual species for absolute abundance (indicated by catch-per-uniteffort (CPUE)) and relative abundance of walleye, largemouth bass, smallmouth bass, and muskellunge (the mean proportion of that species in trapnet samples). For this analysis, we report individual probability values. Although this does not guarantee that a significant result did not occur by chance, we follow the "logical interpretation" criterion of Moran (2003) and interpret overall patterns in the data rather than any particular correlation.
To assess possible factors resulting in temporal changes to the piscivore community, we analyzed temporal changes in the relationship between relative walleye abundance and total phosphorus concentration, turbidity, and temperature in the four Kawartha study lakes using data from 1980-2003. Total phosphorus concentration and turbidity data were obtained from the Ontario Ministry of Energy and Environment Provincial Water Quality Monitoring Network (PWQMN), a long-term water quality monitoring program. Water samples were collected monthly during the ice-free season from the lake outlets. We used data from Balsam, Buckhorn, Scugog, and Rice lakes collected from 1965 to 2002, averaging phosphorus concentration and turbidity values from samples taken between May and September in the same year to provide an annual mean value for each lake. To assess the long-term relationship between temperature and relative walleye abundance, we used mean monthly summer air temperatures (May to September) for Peterborough, Ontario, from 1980 to 2002, available from the weather station at Trent University.
Assessment of relationships among phosphorus concentration, lower trophic levels, and walleye abundance: comparative field study
The relationship between walleye abundance and the productivity of lower trophic levels, forage fish, and water clarity were examined in a comparative field study that focused on present-day walleye populations for the reasons previously described. The lower trophic levels considered were phytoplankton (as indicated by chlorophyll a concentration), zooplankton, and forage fish. Total phosphorus concentration was used as an indicator of lake productivity. Secchi depth was also used in the analysis to examine the relationship between walleye abundance and water clarity.
We used CPUE data from the OMNR Fall Walleye Index Netting (FWIN) program as an indicator of walleye abundance in our study lakes. This gillnetting survey provides an index of walleye abundance, but it is not a suitable community assessment technique because of the large mesh sizes used (25-152 mm) and other biases inherent to gillnetting (species, behaviour, body shape, and size selectivity) (Nielsen and Johnson 1983) . Although there are insufficient data to test the relationship between walleye CPUE determined from FWIN and SIN surveys, there is a strong correlation between walleye CPUE assessed with FWIN and that obtained from the Early Summer Trapnetting (ESTN) procedure in the same lake and year (r = 0.85, P < 0. (2002)). The number of sets per lake was based on lake surface area and morphometry and ranged from 20 to 36 per lake. Total length and weight of each fish were recorded. CPUE was expressed as the geometric mean number of walleye caught per net lift.
The 13 lakes used in the comparative field study were sampled in 2003 for total phosphorus concentration, chlorophyll a concentration, and zooplankton density. Three replicate samples were collected per lake, one from a site in each of the major basins. Sampling was conducted monthly from May to October for all parameters except total phosphorus.
Water samples for total phosphorus analysis were collected in mid-May 2003, with three 5-m integrated samples taken from the deepest point in each lake. Samples were run through a 120 µm filter (Dillon and Rigler 1974; Idrisi et al. 2001) , transferred to 40 mL acid-washed glass tubes, and stored on ice. Visible spectophotometry was used to assess the total phosphorus concentration in the samples (Ministry of the Environment 1983).
For chlorophyll a analysis, water samples were taken by lowering a 1-L amber glass bottle through the photic zone. Secchi depth was taken at the same time and was used to determine the depth of the photic zone, which was defined as 2 × Secchi depth (Dillon and Rigler 1974; Lasenby 1975) . When the length of the sample exceeded the depth of the lake, the bottle was lowered to 0.2 m off the bottom. Chlorophyll a samples were filtered on Whatman glass microfibre (GF/C), 1.2 µm filters. Filters were fixed with 1 mL of saturated MgCO 3 and frozen, and 95% ethanol was used for the extraction of chlorophyll a. Chlorophyll a concentration was measured by spectophotometry at absorbencies of 665 nm for total chlorophyll, 649 nm for chlorophyll b, and 750 nm for turbidity (Lind 1979) .
A zooplankton sample was collected using a vertical tow from approximately 1 m off the bottom to the surface of the water with a 72 µm mesh nylon net (mouth diameter, 0.13 m; length, 1.5 m). Zooplankton were preserved in 70% ethanol. Before processing, samples were diluted to 90 mL with ethanol and mixed in a multisided Vertis flask, and three replicate 4 mL subsamples were taken (Fox and Flowers 1990) . Subsample counts were averaged to obtain sample density estimates. Individuals were counted using a plankton wheel, and zooplankton density was calculated from vertical tow volumes.
The relative abundance of forage species in each lake was determined from the catches of cyprinids and young-of-year yellow perch, walleye, and centrarchids. Forage fish sampling was conducted with funnel traps (cylindrical wire mesh traps 90 cm long, 40 cm in diameter, 10 cm funnel opening) and standard minnow traps between 29 July and 27 August 2003 in six of the 13 sites (the six Kawartha lakes). Sample sites were selected randomly from all available littoral sites and were distributed throughout the lake. Sites ranged in depth from 1.1 to 4.2 m.
At each sampling site, one minnow trap and one funnel trap were placed on the substrate, and a second minnow trap was suspended 1 m above the bottom. Traps were baited with dog food, set in the morning, and recovered 24 h later. Fish present in the traps were identified to species and measured for total length. The combination of fish caught in the three traps per site was treated statistically as one trap unit. The number of sites sampled per lake varied from 42 to 61, as a result of inclement weather during sampling days and losses due to tampering or vandalism.
We analyzed the strength of the relationships between walleye CPUE and the productivity of lower trophic levels, forage fish, and water clarity using Pearson correlations. A log 10 (x + 1) transformation was used to correct for nonnormality of the walleye data.
Results
Historical changes in abundance of the piscivore community and of individual species
CPUE in all four lakes demonstrated a high degree of variability among years (Fig. 2) . Piscivore CPUE peaked in three of the four lakes in either 1988 or 1989. Buckhorn Lake, the exception, had a secondary peak in 1987, but the highest overall CPUE did not occur until 1997. A temporal analysis of catch rates provides no indication that there has been an overall decline in the abundance of the piscivore guild, as only one of the lakes showed a negative trend over time and it was not statistically significant ( Table 2) .
The most consistent change in species abundance over time was the decline in walleye. Walleye CPUE declined in all lakes from 1980 to 2003; however, the declines were not statistically significant ( Fig. 2; Table 2 ). Walleye CPUE exhibited a tendency to peak in all lakes in the late 1980s, followed by a decline in subsequent years. This trend was more pronounced in Lake Scugog than in the other lakes, where the patterns in walleye CPUE were reflected in the decline in total piscivore CPUE from 1989 to 2003.
In contrast to walleye, CPUE of Micropterus spp. showed an increasing trend in all lakes from 1980 to 2003. Three of the four lakes exhibited an increase in smallmouth bass CPUE, although this increase was only significant in Rice Lake (Table 2). However, the fourth lake, Buckhorn, exhibited a significant increase in largemouth bass CPUE. The increase in An examination of the long-term changes in the relative abundance of piscivores more strongly emphasized the trends in absolute CPUE. Trapnet catches were dominated by walleye until the late 1980s, at which time there was a gradual shift in the species composition of the piscivore guild to favour Micropterus spp. (Fig. 3) . The decline in the relative abundance of walleye from 1980 to 2003 was significant in all lakes, and three of the four study lakes exhibited Pearson's correlation coefficients (r) and individual probability values are shown. Number of data years for each lake is as follows: Balsam (n = 10), Scugog (n = 9), Buckhorn and Rice (n = 8). CPUE, catch-per-unit-effort. a significant increase in relative abundance of either smallmouth or largemouth bass (Table 2) .
Environmental factors associated with historical changes in walleye relative abundance
There has been a significant decline in total phosphorus concentration in all four study lakes over the study period (-0.89 < r < -0.84, P < 0.001; Fig. 4) . As previously noted, there were no changes over time in piscivore CPUE, and thus, the relationship between total phosphorus concentration and piscivore CPUE was not significant in any of the lakes. However, the decline in phosphorus over time was accompanied by a decline in the relative abundance of walleye, but the association between the two variables was only significant in Buckhorn Lake (r = 0.83, P = 0.011). An inspection of individual lake plots suggested that there might be a lag period of several years between the decline in total phosphorus and the decline in relative walleye abundance in the other three lakes. Post-hoc analysis using relative walleye abundance in years subsequent to phosphorus concentration measurement demonstrated the strongest relationships between these variables with an 8-year lag in Balsam Lake (r = 0.77, P = 0.016), a 6-year lag in Rice Lake (r = 0.75, P = 0.031), and a 7-year lag in Lake Scugog (r = 0.80, P = 0.033). The decline in phosphorus over time was accompanied by an increase in the relative abundance of Micropterus species, but the association between the two variables was only significant in Buckhorn Lake (r = -0.82, P = 0.013).
Turbidity also exhibited a significant decrease over time in the study lakes (-0.83 < r < -0.68, P < 0.001 in all cases), with most of this decrease occurring since the late 1980s. As was the case with phosphorus, the relationship between turbidity and piscivore CPUE was not significant in any of the lakes. Years of lower turbidity also tended to be years with a lower relative abundance of walleye (Fig. 5) ; however, the association between the two variables was only significant in Balsam and Scugog lakes (r = 0.90, P = 0.002, and r = 0.82, P = 0.013, respectively). The decline in turbidity over time was accompanied by an increase in the relative abundance of Micropterus spp., but the association between the two variables was again only significant in Balsam and Scugog lakes (r = -0.89, P = 0.003, and r = -0.82, P = 0.014, respectively).
Average annual summer air temperatures in the region showed a significant warming trend over the period of the historical study (r = 0.71, P < 0.001). Although the relationship between average annual summer air temperature and piscivore CPUE was not significant, the relationship between mean temperature and the relative abundance of both walleye and Micropterus spp. was significant in three of the four (Table 3) . In all cases, the relative abundance of walleye decreased with increasing temperature, whereas the relative abundance of Micropterus increased.
Comparative field study: relationships between phosphorus concentration, lower trophic levels, and walleye abundance
Total phosphorus concentration, chlorophyll a concentration, and zooplankton density showed moderate to strong positive correlations across the 13 Kawartha and eastern Ontario lakes, and all three of these factors were negatively correlated with Secchi depth (Table 4) . Although all of these factors showed correlations with forage fish CPUE in the expected direction across the six lakes in which forage fish data were collected, none of these relationships was significant.
There were strong positive relationships between contemporary walleye CPUE (based on the FWIN surveys) and total phosphorus concentration, chlorophyll a concentration, and zooplankton density, but once again, the correlation between walleye and forage fish CPUE was not significant. There was also a significant negative relationship between walleye CPUE and Secchi depth.
Discussion
The piscivore guild: a history of change Over the past 25 years, fish communities in the Kawartha Lakes have experienced dramatic changes in species composition and relative abundance. A decline in turbidity due to the reduction in nutrient loading and the invasion of zebra 
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Rice Lake Balsam Lake Buckhorn Lake mussels are factors likely to have contributed to changes in the fish communities in these lakes. Over the period from 1980 to 2003, there has been a significant change in the composition of the piscivore communities, with a significant decrease in the abundance of walleye relative to that of the two Micropterus species. During that period, there were no significant temporal changes in the overall abundance of piscivores and few significant changes in the abundance of any piscivore species in any of the lakes. The general absence of significant changes through time in the CPUE of individual piscivore species may be the result of low power to detect these changes as a result of high interannual variability in the abundance of these species. In contrast, the proportions of the species are less subject to fluctuation than the absolute abundance of individual species, probably because some environmental variables that vary from one year to the next affect all species similarly. The lower variability in species proportions is illustrated by the coefficients of variation, which in the majority of cases were lower for relative abundance of a species than for CPUE (Table 5 ). These results suggest that there could be overall changes in the absolute abundance of these species consistent with the changes in relative abundance that we are unable to detect with our present time series.
Over the past three decades, the Kawartha Lakes have been undergoing the process of oligotrophication, as well as a significant decline in turbidity. Cultural oligotrophication resulting from a federally legislated reduction in the phosphate content of detergents was the likely reason for the initial decline in total phosphorus concentrations in the 1970s. The invasion and establishment of filter-feeding zebra mussels in the Kawartha Lakes beginning in 1994 (Mercer et al. 1999 ) has also contributed to the processes of biological oligotrophication and increased transparency. The decline in total phosphorus concentrations over the past 25 years may not have a detectable influence on the overall productivity of the piscivore guild. Nevertheless, phosphorus reductions may have affected other aspects of the aquatic ecosystem in such a way as to create conditions that favour one species over another. One such parameter that would likely be affected by lowered phosphorus concentrations is water clarity.
Trophic interactions and lake productivity
In a contemporary context, there were strong correlations between total phosphorus concentration, Secchi depth, chlorophyll a concentration, and zooplankton density in the 13 study lakes. There were also strong positive relationships between walleye CPUE in gillnets and the productivity and trophic indicators for these lakes, as well as a negative relationship between walleye CPUE and Secchi depth. Although there were no significant relationships between forage fish CPUE and any of the other variables, this may have been due to the small number of lakes available to test this association (6 vs. 13 for the other variables tested) or because of gear biases associated with the use of minnow and funnel traps.
It has long been established that nutrients (and especially phosphorus) are a major factor determining the primary productivity of aquatic ecosystems in north temperate regions (Downing et al. 1990; Matveev 1995; Olin et al. 2002) . A decline in nutrient availability has been related to a decline in primary productivity, as well as to an increase in water clarity (Dillon and Rigler 1974; Mazumder et al. 1988; Prairie et al. 1989) . As previously noted, the decline in total Can. J. Fish. Aquat. Sci. Vol. 63, 2006 Total phosphorus Chlorophyll a Zooplankton Forage fish Walleye phosphorus concentrations in the Kawartha Lakes appears not to have had a significant influence on the productivity of the piscivore guild, but it seems to have altered the aquatic ecosystem in such a way as to create conditions that favour bass over walleye. In accordance with the bottom-up theory, the decline in nutrients should result in reduced food abundance and a corresponding decline in overall piscivore biomass. Although such a decline is not yet evident, we would expect it in the future if nutrient concentrations continue to decline, and ultimately, Micropterus should also be affected.
Temporal changes in the piscivore guild and water clarity
There has been a significant decline in turbidity in all four Kawartha Lakes from a high in [1988] [1989] [1990] . Our hypothesis that any temporal changes in turbidity would affect the relative abundance of walleye was supported by the general decline in the relative abundance of walleye in trapnets since the late 1980s and the corresponding decline in turbidity during the same period. There was a significant relationship between contemporary Secchi depth and walleye CPUE in gillnet surveys, which when combined with the historical data, suggests that changes in the past may have influenced the abundance of walleye.
It has been shown that increased water clarity can alter the species composition of fish communities by reducing the competitive advantage that walleye have over Micropterus spp. to thrive in conditions with low water clarity (Ryder and Kerr 1989; Casselman et al. 1999) . Under conditions of increased water clarity, the reduced ability of walleye to detect and capture prey would have resulted in a decline in its foraging success. Micropterus spp. are not restricted in the same manner by water clarity and are actually better adapted to feeding in conditions of increased water clarity and abundant macrophytes (Ryan et al. 1999; Vanderploeg et al. 2002) . The observed decline in turbidity may therefore have increased prey consumption rates of Micropterus spp. despite a possible decline in abundance of some prey.
Similarly dramatic ecosystem level changes have occurred in Lakes Ontario, Erie, and St. Clair since the 1970s, changes that have resulted in major ecological effects on the Great Lakes ecosystems and the fish community dynamics in these lakes (Casselman et al. 1999; Ryan et al. 1999; Mills et al. 2003) . Lakes Ontario and Erie have experienced a major increase in water clarity because of a reduction in nutrient loading, beginning in the 1970s and later with the establishment of zebra mussels in the early 1990s (Mills et al. 1993; Casselman et al. 1999) . In the lower Bay of Quinte, Lake Ontario, walleye abundance declined in the early 1990s (Mills et al. 2003) ; the decline was attributed to changes in the distribution of walleye. This stock dispersed from the lower Bay of Quinte into the eastern basin of Lake Ontario following a progressive increase in water clarity attributed to the zebra mussel introduction (Casselman et al. 1999; Mills et al. 2003 ). An empirical model developed by Chu et al. (2004) indicated that the lack of suitable light limits the walleye habitat in the Bay of Quinte and that recent declines in walleye stocks could in part be attributed to a decline in available habitat (primarily as a result of light and temperature changes). In Lake St. Clair, an increase in water clarity as a result of zebra mussel filtration and an increase in submerged macrophyte abundance has had major consequences for piscivore species (Vanderploeg et al. 2002) . There was a fivefold increase in macrophyte abundance, which increased the amount of spawning and feeding habitat for muskellunge, smallmouth bass, and yellow perch but decreased the quality and quantity of the habitat preferred by walleye. Vanderploeg et al. (2002) attributed a threefold increase in smallmouth bass and muskellunge abundance and a 50%-75% decline in walleye abundance between 1986 and 1994 to the increased water clarity and changes in habitat. A habitat supply model developed by Lester et al. (2004) to predict the availability of walleye habitat based on water clarity, temperature, and bathymetry was applied to Lake St. Clair. They predicted that the increase in water clarity in the lake resulting from the invasion of zebra mussels would result in a greater than 50% loss of walleye habitat, which supported independent assessments showing that walleye abundance had declined proportionately (Lester et al. 2004) .
These studies from the Great Lakes region suggest that changes in water clarity would be expected to influence fish community structure because of the effect of increased transparency on the suitability of walleye habitat. As a result of the introduction of zebra mussels, decreased phosphorus loading, and reduced turbidity, the Kawartha Lakes have changed towards a clear-water macrophyte-dominated system that provides feeding and spawning habitat for smallmouth and largemouth bass, yellow perch, and muskellunge, while habitat for walleye has been lost. Therefore, as Ryder and Kerr (1989) suggested, light may indeed act as a constraint on the system that determines the relative abundance of walleye. However, water clarity is only one of several factors acting in concert that influences the structure of fish communities of the Kawartha Lakes.
Changes in turbidity and the productivity of lower trophic levels may explain the shifts in species composition in these lakes because they differentially affect species based on their habitat preferences and feeding strategies. Changes in temperature can influence the species composition in lakes because of its effects on year-class strength, recruitment, growth, and survival (Shuter and Post 1990; Casselman 2002) . The increased temperatures of the past decade observed in the Kawartha Lakes region coincided with an increase in the CPUE and relative abundance of Micropterus spp. and a decline in walleye during this same period. In the Kawartha Lakes region, walleye are at the southern extent of their distributional range, whereas smallmouth bass are in the more northerly portion of their range (Scott and Crossman 1973) . As a result, the effects of increased temperatures may be more pronounced in this region because these species are at the edge of their distributional ranges and are therefore more sensitive to changes in environmental conditions (Scott and Crossman 1973; Shuter and Post 1990; Casselman et al. 2002) .
Temperature has had a major influence on species abundances and community dynamics in eastern Lake Ontario and the Bay of Quinte (Casselman et al. 1999; Mills et al. 2003) . Increased water temperatures appear to have had a positive effect on warmwater fish species, including smallmouth and largemouth bass. In recent years, the strongest year classes of smallmouth bass have been associated with the above average temperatures of the El Niño years (1983, 1987-1988, and 1995) , which resulted in increased summer water temperatures . Casselman et al. (2002) reported a highly significant positive correlation between year-class strength of smallmouth bass and JulyAugust water temperatures over the period from 1976 to 1996.
In the Kawartha Lakes, as in eastern Lake Ontario, future increases in summer temperatures could significantly affect year-class strength and result in changes in fish community structure. For example, an increase in water temperature could substantially increase the relative recruitment of Micropterus spp. and decrease the relative recruitment of walleye (and other coolwater species), which has the potential to alter fish community dynamics (Casselman 2002; Casselman et al. 2002) .
An alternate explanation to the changes over time in the Kawartha Lakes fish communities is that high angling effort and yield of walleye relative to Micropterus spp. was tilting the balance against the former and in favour of the latter. Although creel survey data from 1980 to 2003 (M. Rawson, Kawartha Lakes Fisheries Assessment Unit, Ontario Ministry of Natural Resources, Lindsay, ON K9V 4T7, unpublished data) do suggest that walleye yields were higher than largemouth or smallmouth bass yields until the mid-1990s, the relative abundance of walleye continues to decline despite the drop in fishing effort and yield of walleye and an increase in bass yield since that period. Furthermore, the creel data indicate that walleye yield has declined in three of four study lakes over the period from 1980 to 2003 and since 1993 in Lake Scugog (M. Rawson, Kawartha Lakes Fisheries Assessment Unit, Ontario Ministry of Natural Resources, Lindsay, ON K9V 4T7, unpublished data), with no corresponding increase in walleye abundance. These data do not rule out the likelihood that fishing has had some influence on the balance of piscivores in the Kawartha Lakes, but the overall changes through time in the piscivore community are more consistent with those of phosphorus, turbidity, and temperature than those of fishing yields.
In summary, there have been major changes in the species composition of the piscivore guild in the Kawartha Lakes over the past quarter century. Changes in the piscivore guild in all four lakes appear to be associated with the introduction of exotic species, reduced nutrient loading, shifts in summer temperatures, and possibly other anthropogenic stressors, such as angler overexploitation and increased shoreline modification on the Kawartha Lakes. A decline in turbidity and phosphorus concentration and an increase in summer temperature were factors that corresponded with a decline in walleye relative abundance and an increase in the relative abundance of Micropterus spp. in these lakes. Recent data from Kawartha and eastern Ontario lakes show that walleye abundance is strongly correlated with the productivity of lower trophic levels, nutrients, and water clarity.
Overall, the observed changes in the Kawartha Lakes ecosystems and fish communities were not the result of planned, science-based management strategies or experimental research. However, they were the result of a combination of many unintentional and unanticipated biological and anthropogenic stressors. Although many of the changes are probably irreversible, the lessons learned from the past 25 years will provide fisheries managers and scientists with a better understanding of these valuable aquatic ecosystems.
